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1 INTRODUCTION 
Steel embedded in concrete passivates due to the alkaline nature of the concrete pore solution (Page & 
Treadaway 1982). Reinforcement corrosion develops when the alkalinity is neutralized. One of the main 
causes of localized attack is the penetration of chloride ions through the porous reinforcement cover (Al-
varez & Galvele 1994, Gorda 1970, Hoar 1967, Janik-Czachor et al. 1975). These ions need a certain 
critical concentration to induce corrosion. This threshold depends on several factors, one of which being 
the nature of the accompanying cation (Andrade & Page 1986). Once chlorides have depassivated locally 
the steel surface, corrosion pittings are usually observed. The pitting corrosion mechanism implies a pro-
gressive acidification of the solution inside the pits due to the increasing presence of Fe2+, therefore the 
corrosion rate increases because of the lower pH value. 
In a previous work (Garcés et al. 2005) it was studied the corrosion of construction steel immersed in 
simulated concrete pore solutions during its progressive acidification due to the presence of increasing 
amounts of FeCl2 generated by active corrosion or due to the presence of NaCl (sea water). The concrete 
pore solution was basically composed of saturated Ca(OH)2. These basic solutions are first neutralized at 
the steel surface during active corrosion and then reach an acid pH value due to the generation of Fe+2 
ions. In general, three regions in the corrosion current Icorr vs. pH diagram can be identified: (a) an acid re-
gion extending from pH=0 to around 4.5-5, (b) a neutral region extending from 4.5-5 to 9-9.5 and (c) a 
basic region for pH values above 9-9.5. The general trend is S-shaped as function of pH value. In the acid 
region Icorr steeply decreases as pH increases. In the neutral region Icorr becomes almost independent of the 
pH value and in the basic region Icorr again decreases with increasing pH. This trend is rather general, al-
though for a particular case, it depends on several other variables such as: oxygen concentration, anion 
type, stirring of the electrolyte, temperature, type of steel, etc.  
It is widely known the inhibiting effect of nitrites on the corrosion rate of steel embedded in concrete 
(Batis et al. 1996, Garcés et al.  2008, Page et al. 2000). Nitrites has shown a perfect compatibility with 
concrete and it is noticeable its relative low cost as well as its effectiveness in chloride-contaminated 
(Lundquist et al. 1979, Sideris & Savva 2005) and carbonated (Anstice 2005) concretes, but  in the revised 
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creases when the pH is reduced. The corrosion seems to be related to the [Cl-]/[OH-] ratio in three different 
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literature it has not found the behavior of sodium nitrite and its efficiency to reduce corrosion levels at the 
initial stage of the corrosion process due to a chloride-contamination process in the concrete. 
In the present paper several solutions, simulating the conditions occurring at the steel surface generated 
by chloride attack, have been prepared with and without nitrites. The results have been analysed in differ-
ent ways in order to reach a better understanding of the role of nitrite and the [Cl-]/[OH-] ratio on the de-
passivation threshold and on the kinetic aspects of the corrosion process of the metal/electrolyte system. 
Polarization resistance and electrochemical impedance spectroscopy have been used as measuring tech-
niques (Andrade & González 1978, Keddam et al. 1981, Whitman et al. 1983). 
2 EXPERIMENTAL DESCRIPTION 
2.1 Materials and solutions 
Corrugated steel bars were used for the experiments.  The exposed area of the bars was 12.04 cm2. Previ-
ous to the experiment the bars were cleaned in HCl:H2O 1:1 with hexametylentetramine solutions, 
abraded with abrasive paper and degreased in acetone. Adhesive tape was used for limiting the active area. 
The corrosion cell was similar to that used in previous studies (Andrade & González 1978, Garcés et al. 
2008). Two identical steel bars and a carbon auxiliary electrode were immersed in each cell. The Icorr re-
sults are always the average of the two bars immersed in the cell. 
A range of solutions simulating the pore solution evolution during the corrosion initiation period has 
been prepared. Table 1 shows the solutions studied. It gives the values of initial pH and conductivities of 
the different solutions prepared. The solutions for the experiments were prepared by addition of different 
volumes of FeCl2 0.2 M into a saturated solution of calcium hydroxide until the target pH was reached in 
each case. These solutions would simulate the progressive acidification that takes place during the corro-
sion initiation period due to the release of Fe+2 ions, which reacts with H2O to yield Fe(OH)2 and H+.  Four 
sets of these solutions were prepared: (a) without nitrites; (b) with 0.1 M NaNO2; with 0.5 M NaNO2, and; 
(d) with 0.1 M NaNO2 during 1 week and then NaNO2 was added until 0.5 M was reached. 
 
 
Table 1. Characterization of synthetic solutions. The solutions for the experiments were prepared by addi-
tion of different volumes of FeCl2 0.2 M into a saturated solution of calcium hydroxide until the target 
pH was reached in each case. _________________________________________________________________________ 
Solution   [NaNO2] Initial Final     Final   Mean Icorr 
Target pH     (M)    pH    pH  Conductivity  (µA/cm2) _________________________________________________________________________ 
Ca(OH)2 sat.     -   12.41 12.61   7.90    3.00 _________________________________________________________________________ 
pH 11       -   11.07 10.98   4.26      12.46 
       0.1  11.13 10.96     13.59    3.09 
       0.5  11.06 10.87     50.80    2.40 _________________________________________________________________________ 
pH 10       -   10.07 10.02   3.98      12.77 
       0.1  10.02   9.58     13.43    2.08 
       0.5    9.98   9.22     46.10    1.24 _________________________________________________________________________ 
pH 9        -     8.87   8.96   4.14      10.89 
       0.1    8.45 10.62     13.29    1.93 
       0.5    8.24   9.09       45.70    2.53 _________________________________________________________________________ 
pH 8        -     8.02   7.88   4.73      17.84 
       0.1    6.62   8.71     13.52    1.97 
       0.5    6.57   5.63     45.50    8.49 _________________________________________________________________________ 
pH 7        -     6.87   6.85        11.68      23.53   
       0.1    4.65   3.59     15.37      83.02 
       0.5    5.44   5.34     43.90      14.93 _________________________________________________________________________ 
 
 
The conductivity and the pH of the solutions were measured several times during and at the end of each 
test. A Crison model 2002 ion analyser microprocessor pH-meter and a combined electrode for the pH 
range 0-14 were used to measure pHs. Conductivity measurements were taken from a conductimeter 
Crison model 525. 
2.2 Measurements techniques 
The electrochemical technique used to measure the corrosion rate was the Polarization Resistance method 
(Rp) (Barnartt 1971, Stern & Roth 1957).  
The Rp is the slope of the polarization curve around the corrosion potential: Rp=ΔE/ΔI when ΔE→0. 
The Rp value is related to Icorr by means of a constant, denominated B by Stern (Stern & Roth 1957). It 
was stated by Stern (Stern & Roth 1957) that when using a mean B value of 26 mV, the maximum Icorr 
error factor is 2. For the case of steel embedded in concrete, a value of 26 mV was found (Andrade & 
Alonso 1996) for the active state (corrosion) whereas B=52 mV is more appropriate for passive steel.  
 Rp and corrosion potential were periodically measured during the time of the experiment. The reported 
results are the average of two identical bars. In order to validate the electrochemical Icorr values obtained 
through Rp measurements, they were compared by means of Faraday’s law to the gravimetric losses ob-
tained in the same rebars. In the results obtained, the Mean Icorr was also used as a corrosion rate indicator. 
The values were obtained by dividing the area of the Icorr plots (integration of the Icorr-time curves) by the 
duration time of each test expressed in days. The quantity, Mean Icorr, has the units of µA/cm2 and repre-
sents the averaged Icorr value in the testing period. 
 
3 RESULTS 
Table 1 shows the initial pH values of solutions with different concentrations of NaNO2. It can be ob-
served in this table that the addition of NaNO2 does not affect the initial pH for solution with high initial 
pH, when the passive layer is very stable. At pH 9 it can be noted that sodium nitrite produces a slight de-
crease in pH. Moreover, for solutions with pH 8 and 7, the addition of sodium nitrite reduces significa-
tively the pH of the solutions. Thus, the influence of sodium nitrite on the pH of the solution may be re-
lated to the presence of Fe+2 and the pH itself as it will be discussed below in next section. 
In Figure 1, the evolution of Icorr and Ecorr with time of steels submerged in solutions of initial pH 11 
without sodium nitrite and with 0.1 M and 0.5 M of NaNO2 is presented. It can be observed that the addi-
tion of sodium nitrite produces a reduction of the corrosion rate. The increase of the inhibitor concentra-
tion implies an improvement in the inhibiting effect at the end of the experiment. On the other hand, the 
presence of sodium nitrite produces a shift of Ecorr towards more noble values respect to the solution with-
out sodium nitrite, supporting the reduction of the corrosion rate that was registered. The evolution of Icorr 
and Ecorr registered for steels in solution of pH from 10 to 8 was rather similar to that shown in Figure 1. 
It can be observed that the addition of sodium nitrite produces a reduction of the corrosion rate. The in-
crease of the inhibitor concentration implies an improvement in the inhibiting effect at the end of the ex-
periment. On the other hand, the presence of sodium nitrite produces a shift of Ecorr towards more noble 
values repect to the solution without sodium nitrite, supporting the reduction of the corrosion rate that was 
registered. 
Figure 2 shows the evolution of Icorr and Ecorr with time of steels submerged in solutions of initial pH 7 
without sodium nitrite and with 0.1 M and 0.5 M of NaNO2. At this pH, sodium nitrite in concentration of 
0.1 M produces a slight decrease in the corrosion rate but, the addition of sodium nitrite in higher concen-
tration does not reduce corrosion level, showing an evolution almost identical to the steels of the solution 
without sodium nitrite. This behaviour is clearly supported by the corrosion potential, where it can be 
noted that on solution with 0.1 M of sodium nitrite presents its corrosion potential shifted towards more 
positive values. 
In Figure 3, the evolution of Icorr and Ecorr with time of steels submerged in solutions of different initial 
pH is plotted. In this set Icorr and Ecorr are presented for 28 days in the first part of the graph. After this, so-
dium nitrite was added up to 0.1 M and 9 days after it was increased up to 0.5 M while Icorr and Ecorr was 
being registered. In the second step, the addition of 0.1 M of sodium nitrite produces a slight decrease in 
Icorr in steels submerged in all the solutions at any pH but steels of solution of pH 7 remains unchanged. 
The inhibition effect of this addition is also observed in Ecorr values, since it can be noted that Ecorr progres-
sively shifts to more positive values with two exceptions: steels of saturated solution of calcium hydroxide 
and those of pH 7 are not affected by this addition of sodium nitrite. In the first case it is due to steels are 
perfectly passivated and in the second one it seems that the quantity of sodium nitrite is not enough to 
produce any changes on the steel condition. In the third step, the increase in sodium nitrite up to 0.5 M 
does not affect Icorr values of none of steels but those submerged in solution of pH 7 where it can be ob-
served a minor decrease of this parameter. This little change is also accompanied by an expected increase 
in Ecorr. 
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Figure 1. Evolution of Icorr and Ecorr vs time in solutions of initial pH 11 with different concentration of sodium 
nitrite. 
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Figure 2. Evolution of Icorr and Ecorr vs time in solutions of initial pH 7 with different concentration of sodium 
nitrite. 
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Figure 3. Evolution of Icorr and Ecorr vs. time in solutions of initial pH with different additions of sodium nitrite. 
 
 
pH 12,6 pH 11 pH 10 pH 9 pH 8 pH 7
10
20
30
40
50
M
ea
n 
Ic
or
r (
µA
/c
m
2 )
 Without NaNO2
 0.1 M NaNO2
 0.5 M NaNO2
 
Figure 4. Evolution Mean Icorr values for different solutions and concentrations of NO2-. 
 
 
Figure 4 presents Mean Icorr values for different pH and sodium nitrite concentration, respectively. It 
can be observed that a decrease in solution pH produces an increase in this parameter. Additionally it can 
be noticed that the addition of sodium nitrite in concentration of 0.1 M improves the corrosion rate of 
steels at any pH, and even reaches corrosion rate values of steels in saturated solution of calcium hydrox-
ide between pH 11 and 8. If sodium nitrite concentration is increased up to 0.5 M, the decrease in Mean 
Icorr is similar or higher from pH 11 to pH 9. In pH 8 solution, although an improvement is observed re-
spect to no addition of sodium nitrite, the inhibiting effect decreases. Finally, in pH 7 solution, the addition 
of such a high concentration of sodium nitrites does not show any inhibition of the corrosion process, even 
producing an increase in Mean Icorr respect to solution without inhibitor. 
4 DISCUSSION 
 
The dependence found of the Mean Icorr values on the initial pH of the solutions is shown in Figure 5. Fig-
ure 5 also depicts the values measured in previous works in a wide range of pH (Garcés et al. 2005, Gar-
cés et al. 2008, Whitman et al. 1983). 
In a previous work three main regions were distinguished. Data presented here lay in the basic and neu-
tral region and they show a good enough fitting with previously reported data. In Figure 5 it can be ob-
served that for a given pH, Icorr value can vary in one order of magnitude, although this scatter is similar in 
any pH region that is considered. Despite this scattering, the correlation between Mean Icorr and pH is 
clear. 
In the acid region (pH < 5) the corrosion proceeds with gas (H2) evolution and the Icorr increases as the 
pH lowers.  This is attributed to several effects: a) higher H+ concentration; b) the stirring effect of the gas 
evolution which facilitates the removal of the corrosion products from the metallic surface and c) the pres-
ence of oxygen which also enhances the corrosion current as two cathodic processes seem to occur (oxy-
gen and H+ reduction). A correlation can be found between Icorr values and pH when pH is below 5 (from 
literature data): 
 
• For pH below 5:  7632.23532.0log +−= pHIcorr  
In the neutral region (pH between 5-9.5) the corrosion rate does not decrease greatly with the increase 
of the pH value. It remains more or less constant. It is reported that the overall process is the result of two 
opposite ones: a) the corrosion process producing ferrous ions able to hydrolyse the water molecules lib-
erates protons and b) the precipitation of the Fe(OH)2 formed which reduces the effective area suffering 
corrosion. The result is a certain buffering effect on the corrosion rate which remains rather constant in this 
pH range. A correlation can be found between Icorr values and pH when pH is between 5 and 9.5: 
 
• For pH between 5 and 9.5:  1793.21503.0log +−= pHIcorr  
An additional correlation can be found in the basic region, for pH above 9.5. In this case, Figure 5 
shows a sharp decrease of log Icorr when the pH is increased due to the passivation of the steel bars in such 
a basic environment. The tendency can be modeled by the following equation: 
 
• For pH above 9.5 : 4175.43520.0log +−= pHIcorr  
 
When representing Mean Icorr values as a function of the [Cl-]/[OH-] ratio, two instead of three regions 
can be identified as depicted in Figure 6. In the acidic and neutral regions, the Mean Icorr slightly  decreases 
when lowering the  [Cl-]/[OH-] down to 102.   However, for values of [Cl-]/[OH-] <102 (pH around 9.5) a 
steeper dependence of Mean Icorr with [Cl-]/[OH-] is found showing a stronger competing character of both 
ions when the steel is covered with a passivating layer. It can then be deduced that, since reinforcing steel 
is present in the alkaline region, the Icorr values after depassivation increase one or two orders of magnitude 
when acidifying down to pH values around 9.5-10. For even lower pH values, the progressive increase of 
Icorr is less sensitive to the [Cl-]/[OH-] ratio. So the following relations can be found according to these pa-
rameters: 
 
• [Cl-]/[OH-] ratio below 102:  
[ ][ ] 4799.0log6721.0log −= −
−
OH
ClIcorr
 
 
• [Cl-]/[OH-] ratio above 102:  
[ ][ ] 0149.0log1820.0log += −
−
OH
ClIcorr  
 
The results obtained in this work fit in the trend observed in literature data indicating that, at the initial 
stage of the corrosion process, the addition of sodium nitrite can reduce the corrosion rate of reinforcing 
steels. 
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Figure 5. Influence of pH on the corrosion rate. Literature data from (Garcés et al. 2005, Whitman et al. 1983). 
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Figure 6. Relation between corrosion rate and [Cl-]/[OH-] ratio. Literature data from (Garcés et al. 2005). 
 
It has been observed that the presence of sodium nitrite in quantities up to 0.1 M produces an important 
decrease in the corrosion rate of steels in solutions from pH 11 to 7. These solutions could be related to the 
initiation period of the corrosion process, when chlorides are increasing their concentration at the steel sur-
face and therefore, the passive layer is becoming weaker, although pits are not yet developed. Further ad-
dition of sodium nitrite up to 0.5 M provides a similar decrease in the corrosion rate of steels to that ob-
served for sodium nitrite concentration of 0.1 M in solutions with pH ranging from 11 to 9. For solution of 
pH 8, the addition of sodium nitrite in concentration of 0.5 M reduces the corrosion level of the steels but 
in a lesser extent than the concentration of 0.1 M. Finally, for solution of pH 7, such a high addition of so-
dium nitrite makes corrosion rate worse even than no addition of sodium nitrite. Therefore, the addition of 
sodium nitrite in concentration of 0.1 M can reduce significantly corrosion rate at the initiation stage of the 
development of corrosion pits, so it can be deduced that initiation period would be longer due to the inhib-
iting effect of sodium nitrite. Higher concentration of sodium nitrite is not recommended since no signifi-
cant improvements or even worsening in corrosion rate are observed in addition to the higher expenses in 
chemicals. 
5 CONCLUSIONS 
The following conclusions can be drawn from this research: 
 
• The addition of NaNO2 has shown a significant inhibiting effect on the corrosion of steels in the initia-
tion period when the chloride concentration is not very high, i.e., at the beginning of the initiation period 
to the beginning of the propagation period, although passivation is not attained by means of this addition.  
• The efficiency of inhibition was very good when the quantity of NaNO2 is not very high (0.1 M). Fur-
ther addition of NaNO2 does not improve significantly the results obtained by sodium nitrite concentration 
of 0.1 M and can even produce the contrary effect, increasing corrosion rates. 
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